Recent studies have implicated the signaling factor expression in the presumptive dorsal and ventral pancreatic buds appears to be critical for committing these reSonic hedgehog (Shh) as a negative regulator of pancreatic development, but as a positive regulator gions to a pancreatic fate; in the dorsal primordium at least, this repression seems to be mediated by notochord- (Figure 1a ; see also [18, 19] in the maturing duodenum (Figure 1b ; see also [18][19][20]).
Results and discussion
later, at around 24 hpf (Figure 2a, d, e) . This is long after The pancreas is a composite organ that consists of distinct cells have adopted a pancreatic fate, as evidenced by the cell types with endocrine and exocrine functions [5] . Its expression of pdx-1 and Insulin (Ins) ( Figure 1a ,b and importance in physiological homeostasis is emphasized by following sections; see also [18] [19] [20] ). Moreover, expresclinical conditions such as diabetes and pancreatic cancers sion of the paralogous tiggy winkle hedgehog (twhh) gene that result in debilitating diseases that afflict a large perinitiates still later, at around 36 hpf (Figure 2b ,f). centage of our population. Classical embryological studies, as well as recent investigations, have shown that pancreas specification from the primitive gut endoderm is influGiven the clear disparities in hh gene expression and pancreas specification between amniotes and teleosts, it enced by inductive interactions with neighboring tissues [2] . Analyses in mouse and chick embryos have identified seemed to us unlikely that the localized suppression of endodermal hh expression could play the same critical role some of the key signaling pathways involved in these processes in amniotes [2] . In particular, repression of Shh in the early induction of the pancreas in the fish as it does (Figure 3a ,b). fertilized eggs with mRNA encoding Shh or a dominantnegative (dn) version of protein kinase A (PKA), an intraCoincidently with the increase in Isl-positive cells, we observed a proportional increase in cells expressing nkx2.2 cellular inhibitor of Hh signal transduction. In both instances, the ensuing ectopic activation of the Hh pathway and Ins (Figure 3c,d ). Thus, in complete contrast to the situation in amniotes, pancreatic development is not inresulted in a consistent enlargement of the field of pdx-1-expressing cells at the 10 to 12 somite stage (Figure 1d ; hibited by Hedgehog activity; on the contrary, exposure of endoderm cells with the appropriate competence to data not shown). At 24 hpf, the distinct pattern of highand low-level pdx-1 expression is no longer apparent in Hh signaling appears sufficient to induce them to activate the pancreas differentiation program. embryos overexpressing dnPKA; instead, all cells in this region of the gut exhibited uniformly high levels of expression (Figure 1e ). This change in pdx-1 expression
In the light of this unexpected finding, we next asked whether Hh signaling might indeed be necessary for pansuggests that ectopic Hh signaling can transform the entire duodenal and pancreatic endodermal anlage into pancreatic development in the fish. To address this question, we first analyzed the expression of pdx-1 and Isl in emcreas. To investigate this possibility further, we next analyzed the development of the endocrine cells that begin bryos homozygous for the slow-muscle-omitted (smu) mutation, which appears to abolish all Hh signaling [26-28] to differentiate in the zebrafish embryo from the 12 somite stage [18] [19] [20] . In wild-type embryos, the LIM domain and inactivates the zebrafish smoothened (smo) gene [27, 28] . In embryos homozygous for smu, we observe a consisprotein Islet (Isl), which marks all the endocrine cell types (islets of Langerhans), can be seen to accumulate in the tent reduction in pdx-1 mRNA levels around the time expression begins at the 10 to 12 somite stage ( 
sponding cells.
Embryos depicted in all panels are oriented with anterior to the left, dorsal to the top.
As noted above, endodermal expression of zebrafish hh family genes is not initiated until sometime after the specification of the pancreas. Moreover, even when this tive pancreatic primordium (Figure 1h ). Consistent with pattern is established, it is always excluded from the dethis loss of high-level pdx-1 expression, no Isl-, nkx2. 2-, veloping pancreas in a manner that closely resembles the or Ins-positive cells are detectable in the gut, indicating situation in amniotes (Figure 2g,h ). The shh, twhh, and that the differentiation of the endocrine lineage is comechidna hh (ehh) genes are, however, all expressed in midline tissues (notochord and ventral neural tube) overlying pletely arrested in the absence of Hh signaling ( Figure Figure 4 One possible explanation for the dramatic effects on pancreas development observed in the mutants is that Hh signaling plays a more global role in patterning the endoderm, and the misspecification of the pancreas is just one consequence of widespread impairment in morphogenesis of the gut. This hypothesis appears unlikely for several reasons. First, the low-level expression of pdx-1 in a restricted domain of the developing duodenum already provides an indication that some degree of gut regionalization and differentiation does occur in the mutant embryos (Figure 1g,h,j,k) . Second, the spatial pattern of shh expression in the gut endoderm appears largely unaltered in smu mutants, implying that gut tube formation proceeds even under conditions of severe loss of Hh signaling ( Figure  4a ). Perhaps most persuasively, using the homeobox gene prox1 expression as a marker [32, 33] , we find that specification of the liver, which in amniotes is believed to share mammals [36] , Hh signals fulfill multiple inductive events during organogenesis in the teleost gut and the postulated hepato-pancreatic progenitor cells are specified to form the endoderm at the stage when pancreas specification different organs in response to distinct thresholds of Hh occurs (Figure 2a-c) , suggesting that it may be Hh prosignaling activity, a possibility that we are currently inteins emanating from the midline that play the key role vestigating. in pancreas development. To investigate which of these genes is critically required, we examined embryos homoWhile our observations confirm that, as in higher vertezygous for a deletion of the zebrafish shh gene, sonic you brates, patterning the teleost pancreas requires inductive (syu t4 ) [31] . In such embryos, we observed a reduction in signaling from the axial midline, the surprising element pdx-1 mRNA levels that strongly resembled the altered that emerges from our analysis is that this induction is pattern exhibited by smu mutant embryos at a similar mediated by Shh, a situation diametrically opposite to that stage of development (Figure 1j) . Subsequently, although which pertains in amniote embryos. This paradox is clearly pdx-1 expression resolves into the developing gut as in exemplified by the fact that mice carrying loss-of-function wild-type embryos, the levels of this expression remain mutations in Hh genes not only develop a pancreas, but very low (Figure 1k) . Furthermore, like smu mutants, syu also exhibit an overspecification of endocrine cell types, homozygotes never exhibit the high-level pdx-1 expresin line with the proposed antagonistic role of Hh signaling sion characteristic of the definitive pancreatic primorin the embryonic development of this organ [10] . dium, and they also lack virtually all endocrine cells (Figures 1k,1l and 3g,3h) .
How the same family of signaling proteins has come to 5; [3, 4] ). In this context, it is striking that the same 
